The transition dynamics from the low (L) to the high (H) confinement mode in magnetically confined plasmas is investigated using a first-principles four-field fluid model. Numerical results are in close agreement with measurements from the Experimental Advanced Superconducting Tokamak -EAST. Particularly, the slow transition with an intermediate dithering phase is well reproduced by the numerical solutions. Additionally, the model reproduces the experimentally determined L-H transition power threshold scaling that the ion power threshold increases with increasing particle density. The results hold promise for developing predictive models of the transition, essential for understanding and optimizing future fusion power reactors.
An outstanding issue in magnetic fusion research is the understanding of the transition between the Low (L-mode) and High (H-mode) confinement mode. Although the H-mode is routinely achieved in a multitude of magnetic confinement devices, since its first observation more than 30 years ago, the transition still lacks (full) theoretical explanation and predictive modelling. The L-to H-mode transition represents a characteristic feature of many complex non-linear systems, where an abrupt transition between two states is encountered in response to a variation of some "control" parameters. Examples are the transport bifurcations in continuum systems, the transition from dominating convective cell transport to global circulation in Rayleigh-Benard convection [1] and in geophysics the formation of transport barriers by zonal flows, e.g., the earth's polar vortex [2, 3] .
In magnetically confined plasmas, the generation and sustainment of global flows is observed to be a key ingredient in the transition [4, 5] . The transition behaviour can vary from very abrupt transitions to slow transitions with intermediate phases [5, 6] . The L-mode is characterized by relatively flat pressure profiles and significant turbulent particle and energy transport across the Last Closed Flux Surface (LCFS) into the region of open field lines -the Scrape-Off Layer (SOL). The H-mode, on the other hand, is characterized by the so-called pedestal of elevated pressure just inside the LCFS and a weak quiescent transport into the SOL leading to improved confinement. The H-mode is of essential importance the operation and success of ITER -the next generation international fusion experiment. To achieve the goal of ignition, ITER will rely on low power access to the H-mode.
Recent experiments with advanced diagnostics provide detailed spatially and temporally information about the L-I-H transition dynamics. Here, the I-phase refers to the transition phase between the L-and H-mode, characterized by strong quasi-periodic bursts of plasma into the SOL (the I-phase is also referred to as the dithering phase or limit-cycle oscillations (LCO)); see, e.g., [7] [8] [9] [10] [11] [12] [13] . Concurrent with the improved experimental diagnostics, new modelling approaches have been developed for the simulations of the coupled Edge-SOL dynamics. Important ingredients on the way towards improved understanding of the SOL dynamics have been to abandon the distinction between fluctuations and profiles and the usage of flux driven systems [14] [15] [16] .
It has long been known that the L-H transition is connected to the build-up of Zonal Flows (ZF), suspected to be triggered by turbulent Reynolds Stress (RS) and finally being sustained as Mean Flows (MF) driven by the steepened ion pressure gradient. The inter-action between these players is complex and in principle may contain many elements, from electromagnetic perturbations to three-dimensional effects including details of the geometry.
Parts of the transition dynamics have been reproduced by heuristic zero and more recently one-dimensional predator-prey type modelling, with one or two feedback loops acting on disparate time-scales (fast and slow), see, e.g., [17] [18] [19] , but the quantitative connection to actual experimental parameters is absent in these models. With the results presented here, we can connect these disparate worlds of heuristic and first principles modelling and calibrate the lower dimensional models.
The L-H transitions, with particular focus on the L-I-H transition, is modelled numerically using the first principal fluid model HESEL [20, 21] . The results are compared directly with experimental observations from the Experimental Advanced Superconducting Tokamak -EAST. The robustness of the L-H transition indicates a basic mechanism that we believe is represented in the interaction of the two-dimensional electrostatic turbulence with the self-consistently developing profiles, including the interaction between ion pressure and flow, specifically. Important is also the role of the Edge-SOL coupling anchoring initial gradients to the LCFS. The HESEL model includes these elements, and has enabled us to perform detailed studies of the L-I-H dynamics for parameters determined solely by experiment.
HESEL is an energy conserving four-field model based on the Braginskii equations [22] governing the dynamics of a quasi-neutral, simple plasma. It describes interchange-driven, low-frequency turbulence in a plane perpendicular to the magnetic field at the outboard midplane. In the limit of constant ion pressure the model reduces to the ESEL model, which has successfully modeled fluctuations and profiles in JET [23] , MAST [24] , EAST [25] and TCV [26] . The HESEL model includes the transition from the confined region to the region of open field lines (SOL) and the full development of the profiles across the last closed flux surface (LCFS). The model is solved in a local slab geometry with the unit vectorẑ along the inhomogeneous toroidal magnetic field. The inverse magnetic field strength is approximated by B 0 /B = 1 + a/R + (ρ s /R), where a and R are the minor and major radii, respectively. x is the radial coordinate in the local slab and B 0 is a characteristic magnetic field strength. In the Bohm-normalization the model equations read:
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where n is particle density, w = ∇ 2 φ + ∇ 2 p i is the generalized vorticity, φ is the electrostatic potential, and p e and p i are electron and ion pressure, respectively. Temperatures are defined by T i,e = p i,e /n. Material derivatives and the magnetic field curvature operator are defined as
·ẑ×∇, except in the generalized vorticity equation where the material derivative
is taken with a constant magnetic field. Friction forces enter through the drift velocity u R = −D(1 + T i /T e )∇ ln n, where D is the neo-classical Pfirsch-Schlüter diffusion coefficient [23] . η denotes the neo-classical viscosity coefficient, and χ e and χ i are the neo-classical, perpendicular electron and ion heat conduction coefficients, respectively.
Losses due to advection along magnetic field lines in the SOL region is represented by the damping rates τ n , τ w , and τ p i . Parallel electron heat conduction in the SOL region is parametrized by the damping rate τ pe . The effect of sheath currents at material surfaces on which magnetic field lines in the SOL region terminate is approximated by an effective sheath dissipation term entering the vorticity Eq. (2), where L is the connection length and · denotes a combined time and poloidal average. In the inner part of the closed field line region the fluid fields are forced towards profiles reflecting toroidal equilibrium.
The generalized vorticity is the manifestation of the polarization current in the model and describes charge separation due to the inertia in the ion response to changes in the E ×B and diamagnetic drifts. The generalized vorticity appears to be responsible for driving the MF related to the pressure gradient and essential for setting up the edge transport barrier supporting the pressure pedestal in the H-mode.
We have applied the code to simulate experimental observations from the L-I-H transition campaign at EAST in 2012. These experiments employed the Gass Puff Images (GPI) diagnostics, which images, in 2D, the edge plasma turbulence in the plane perpendicular to the local magnetic field by looking at the emission from excited neutrals, the HeI-line. The intensity of the emission is related to the electron pressure, see, e.g., [27] . Using high speed cameras and correlation techniques it is further possible to derive quantities like velocities from the propagation of perturbations. A detailed description of the dual GPI system on EAST is found in Liu et al [28] .
The collision and parallel damping rate coefficients for all simulations presented in this paper are calculated using parameters characteristic for the plasma at the LCFS in EAST For comparing the experimental results to numerical simulations, we have generated a synthetic GPI diagnostics with "emission intensity" obtained from: S n ∝ n e n n f (n e , T e ), see Fig. 2a , b, c. Here f is the coefficient for excitation of helium and n n is the localized neutral gas density profile calculated at each point in time from neutral particles penetrating from the outer SOL and getting depleted by ionisation. We plot in Fig. 2d the evolution of the integrated parallel particle flux at the outboard mid-plane as a proxy for the D α signal in Fig. 1d . By construction it lacks the time delay seen in the experimental data. Note also that the period of the bursts are increasing as we ultimately approach the H-mode.
In Fig. 3 we have shown the detailed evolution during the the last dithering cycle from the numerical simulations in Fig. 2 . We note that this cycle in overall appearance is similar to the other dithering cycles, except that this cycle makes the transition to H-mode. We coincide with the termination of the burst, where a poloidal flow is rapidly re-established.
The generated poloidal flow, Fig. 3c , is later in parts sustained by the ion pressure gradient, The simulations also give insight into the general scaling of the L-H transition threshold power. Figure 4b show a series of HESEL simulations where only the reference particle density n 0 was varied. We observe that the transition threshold power increases at increasing particle density, as observed in the high density branch of the L-H transition threshold power [5] . Commonly observed is also a fast increase of the L-H power threshold at lower densities, leading to a well-defined density with minimal power necessary to enter H-mode.
In these experiments electrons are dominantly heated centrally. However, it was recently demonstrated that the ion heat channel plays the key role in the L-H transition [29] . Therefore, the ramp-up of the ion energy flux across the LCFS depends on the energy coupling between electrons and ions over the whole plasma volume. When the power input is directly through the ions one should not expect to find a roll-over of the threshold power at a specific density. Our simulation results agree with this observation.
To the best of our knowledge this is the first modelling of the L-H transition based on a first principle model reproducing vast details of the transition behaviour without free parameters. This still much simplified model appears to include the necessary and essential ingredients for the transition behaviour, but is still not a fully predictive model. The results 
